SuMMARy
The objective of this work is to investigate the loss of performance undergone by a polymer during a long-term closed-loop recycling process. High density polyethylene (HDPE) is subjected up to 50 extrusion cycles under constant processing conditions. The effect of recycling is then determined by following its degradation with increasing number of generation. After selected cycles, the material is characterized in terms of physical (density, GPC), thermal (DSC, TGA), and mechanical (tension, flexion) properties. No significant change are observed in density, DSC, and TGA tests. But for GPC, the weight average molecular weight (M w ) is found to decrease while the number average molecular weight (M n ) do not change significantly, thus leading to a decreasing polydispersity index. Intrinsic viscosity also decreases, while melt flow index (MFI) increases. From the tensile stress-strain curves, recycling seems to have no significant effect on Young's modulus (E y ), but a moderate increase of the strain at yield is observed followed by a slight decrease, while the stress at yield decreases. For the break-up conditions, stress and energy at break are found to increase significantly. Finally, three-point bending tests show that the flexural modulus (E b ) decreases with recycling. Overall, the recycling process leads to an important modification of the polymer's mechanical properties mainly due to chain scission.
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With increasing number of new directives and policies towards sustainability, alternative energies, recycling, and other environmentally friendly processes, lifecycle analysis and end-of-life considerations must be accounted for at the same time as the development of newer, simpler, more efficient, and less expensive recycling methods. But the latter are complex to develop as they need to integrate a wide diversity of economic and technical criteria [3] . Sustainability requires financial investment that only contribute to better health and life quality. This is generally the opposite of economic interests controlling the actual society and can only be achieved with regulations and policies [5] . Due to both consumer and governmental demands, more and more recycling methods are developed [6, 7] . Moreover, plastics can partly recover their value by recycling [8] . This allows to preserve natural non-renewable resources while limiting the waste going to landfills [1, 2, 4] .
There are several sources and types of materials. The higher the diversity of materials, the more difficult the recycling and the more dispersion on final properties. For recycled materials, specifications cannot be too high considering the broadening of the final properties distribution. Plastic waste is generated all along the lifecycle of a product, including manufacturing. Even the most optimized operation has some material loss at each step. DeRudder et al. defined two types of recycling [9] . If the material is recycled directly after its manufacturing, this recycling is known as closed-loop, but if it goes through any part of its intended lifecycle, it is called open-loop [7, 9] .
There are four main options for recycling. In some specific cases, simple reuse of the product can be considered after cleaning, but those cases are limited for health and safety reasons [4] . In mechanical recycling, the polymer is collected and grounded into small pieces. They are then cleaned, separated into different grades, and reprocessed. This type of recycling is widely practiced as it is quite easy, reliable, and economic as long as the plastic is clean and not too diversified. The chemical structure remains almost unchanged, but properties often decrease leading to the need of blending recycled and virgin polymers to keep the properties up [3] . In feedstock recycling, also called chemical recycling, the polymer is turned back into its chemical components, which can be used to produce new polymers. Several technologies are available, including pyrolysis, gasification, depolymerization, solvolysis, blast furnace or smelter operations. Finally, energy recovery consists of polymer combustion while recovering the inherent energy released to generate heat, steam or electricity for other processes, thus conserving resources. This technique is essentially used for contaminated or highly mixed fractions [1, 2, 4, 8, 10, 11] .
Sorting is usually done manually by plastic code or type of container. Automated sorting equipment exists, but are expensive and not totally reliable. Various separation techniques have been developed, but still remain expensive or use hazardous solvents [4, 6, 12, 13, [14] [15] [16] [17] [18] . The use of plastic blends decreases the performances because of incompatibility between most polymers, and often needs the addition of coupling/compatibilizing agents. These agents are usually block copolymers or functionalized ones making bridges between all the phases (physical agent) or react with them (chemical agent) [3] . Impurities such as paper, metal, and glass have also a negative impact on the final properties and must be eliminated. Moreover, some waste such as PVC needs to be treated first to inhibit any negative effect on the process or environment [4] . Finally, materials such as coextruded or multi-material products cannot be separated and have to be recycled as a blend or by energy recovery [3] .
Polyethylene (PE) is one of the most common polymer because of its good properties such as high flexibility and tenacity, wide availability, and a large range of different grades. Nevertheless, PE presents one major drawback which is degrading very slowly in nature [1-2]. To limit its environmental impact, it is necessary to recycle polyethylene. Several works studied PE recycling and highlighted that its degradation mainly depends on the processing conditions more than reprocessing unless a very high number of cycles is imposed [3, 4, 7, 19] . The short-term recycling of HDPE showed that, if suitable processing conditions are used, the properties of the recycled materials stay close to the virgin material [20] .
Twite Kabamba et al. showed that polyethylene degradation mainly depends on processing conditions. They reported a reduction in molecular weights and lower chain entanglement leading to lower elastic properties of the polymer. They observed that both chain scission and branching occurred due to the creation of macro-radicals during processing. Branching is favored by low chain mobility, while chain scission is enhanced by high chain mobility and mechanical stresses [21] . Similar trends were observed by Wagner and Scaffaro [22, 23] . Recently, Oblak et al. (2015) studied the effect of mechanical recycling on processability and mechanical properties of high density polyethylene (HDPE). They found that increasing the number of reprocessing cycles induces significant structural changes in the material. Those were seen through MFI measurements and mainly took place during the first 30 extrusion cycles. Hardness and modulus were measured using nano-indentation and showed deterioration of the material mechanical properties after ten reprocessing cycles. The authors suggested that chain branching is the main mechanism during the first 30 extrusion cycles, and then chain scission is taking over. Finally, they indicated the presence of crosslinking after 60 cycles.
Jin et al. studied the long-term closed loop recycling of low density polyethylene (LDPE) [1, 2] . They evaluate the effect of one hundred successive extrusion cycles on the material flow properties to optimize the processing conditions and the final performances. The results showed the presence of thermal degradation and gelation due to simultaneous chain scission, reticulation, and branching confirming the trends seen in previous works. For linear polymers such as HDPE, chain scission appears to be the dominant mechanism, while for branched polymers such as LDPE, branching and reticulation are the main processes [1, 2, 4, 24, 28] . Variation in the degree of crystallinity can also indicate the formation of structural irregularities with crosslinking [29, 30] . Finally, variations in melt flow index, relaxation time, and insoluble (gel) content can be related to changes in the polymer structure [31] .
The work of Kostadinova Loultcheva et al. studied the recycling of industrial post-consumer HDPE containers [20] . It is one of the very few studies dealing with open-loop recycling. On the other hand, Yarahmadi et al. studied the mechanical recyclability of PVC in building floor applications [16] . In the work of Kostadinova Loultcheva et al., they observed the effect of the processing parameters (residence time, mono-or twin-screw extruder, and presence of additives) and number of cycle on the chemical structure and morphology, as well as mechanical and rheological properties. Degradation appeared to be strongly dependent on the polymer structure and processing conditions due to a competition between chain scission, branching and/ or crosslinking. Thermal degradation seemed to promote chain scission, while the presence of shear stress at low temperature induced branching. So depending on the processing conditions selected, one of these two phenomena is dominant [20] .
Prediction of the degradation level is difficult because of the high number of parameters involved and possible interactions between them. The final properties are directly related to the nature of the polymer, the type of process, the thermomechanical history, and the environment [21] . So far, investigations in this field were mostly devoted to understand the loss of performance [32, 33, 34] . This is why several works studied different types of polymer, their behavior, the phenomena occurring while reprocessing, and the resulting loss of properties. However, long-term recycling has rarely been studied and remains quite uncertain. Moreover, several studies only considered the mechanical properties of the polymer, thus a lack of knowledge about other properties exists. This work was undertaken to better understand these aspects. The behavior of high density polyethylene is followed as a function closed-loop mechanical recycling (direct reprocessing) to determine the loss of properties. The properties are evaluated for a high number of cycle (50) to evaluate the long-term recycling aspect.
Materials
The polymer used is a high density polyethylene (HDPE) supplied by Petromont (Canada). Its melting point is 126°C (see Figure 1) , its initial crystallinity is about 44%, and its density is 0.930 g/cm 3 . Its initial number average molecular weight (M n ) id 14 kDa, with a weight average molecular weight (M w ) of 157 kDa and a melt flow index (MFI) of 0.4 g/10 min (230°C, 2.16 kg). 
ExpERIMEntAl

Sample Production
The samples are produced by extrusion followed by injection molding. The polymer pellets are fed into a twin-screw extruder and this step is considered as the first generation to simulate the general processing of a polymer material. The material is then pelletized and extruded again to obtain each recycled generation. All the extrusions are produced with the same processing conditions to make the comparison easier.
The extrusion is performed on a co-rotating 27 mm twin-screw extruder ZSE-27 (Leistritz, Germany). The extruder has a L/D ratio of 40, ten zones from the feeder to the die, and is equipped with a circular die of 3 mm in diameter. After preliminary trials, the total flow rate is fixed at 6 kg/h and the optimum operating conditions found are a screw speed of 125 rpm and a temperature profile of 195°C for the first eight zones (from the feeder to the die) and 200°C for the 9 th zone and the die (zone 10). The extruded material is then cooled in a water bath and finally fed into a granulator model 304 (Conair, Germany). The granulator speed was controlled to get a final pellet diameter of 3 mm. For each generation (up to 50 here), the pellets are randomly collected (about 1 kg) to perform all the characterizations.
To limit the amount of work, only selected generations are fully characterized, including density, thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and gel permeation chromatography (GPC) directly on the pellets. For mechanical characterization (tension and flexion) the samples are produced by injection molding on a Nissei model PS60E9ASE. The parameters, determined by preliminary trials, are kept constant for all generations. For each injection cycle, two type IV dog bones (ASTM D638) and two rectangular bars (one short (12.40 x 3.05 x 78 mm 3 ) and one long (12.40 x 3.05 x 125 mm 3 )) are obtained. The parameters used for injection molding are presented in Table 1 , with the temperature given form the nozzle to the hopper.
For comparison, the initial (virgin) HDPE referred as "Generation 0" and the first extruded generation are analyzed. Then, all even generation between 2 and 10 are characterized, and every 5 th generation between 10 and 50 is analyzed giving a total number of 15 generations analyzed.
Physical Properties
Density is measured using a gas (nitrogen) pycnometer model Ultrapyc 1200 e (Quantachrome Instruments, USA) with a micro-cell and samples between 0.5 and 1.5 g of material. Density tests are conducted directly on the pellets and on injected samples, with three repetitions for each type of material and sample.
Gel permeation chromatography (GPC) tests are conducted on a HT-GPC model 350 high temperature triple detector (Array HT-DTA) from Viscotek (Malvern, UK). This model is composed of a differential refractive index (RI) detector, a four-capillary differential viscometer, and a low angle light scattering (LALS) detector. Three PL gel (mixed B LS) columns with a pore size of 10 µm and an individual column dimension of 300 mm by 7.5 mm is used to perform the trials using 1,2,4-trichlorobenzene (TCB) at 140°C with at a flow rate of 1 mL/min and a polymer concentration of about 4 mg/mL. The tests are repeated three times to get a better precision. Calibration was performed with PS99K and PS235K with the same range of concentration and reference values directly provided by the company. For each sample, three parameters are measured: the number average molecular weight (M n ), the weight average molecular weight (M w ), and the intrinsic viscosity (IV). Considering the correlation between those parameters, the polydispersity index (PDI = M w / M n ) can also be deducted. The general distribution shape and width are also analyzed. 
Thermal Properties
Differential scanning calorimetry (DSC) is conducted on pellets using a model DSC 7 (Perkin Elmer, USA) with 5 to 15 mg of material. The chamber is purged with N 2 gas to provide a stable atmosphere. The material is subjected to three ramps at 10°C/min. The first ramp (heating) allows to erase the thermal history of the material. First, the polymer is heated from 50 to 200°C and maintained at 200°C for 10 min. Then, cooling is done from 200 to 50°C with a holding period at 50°C for 10 min. Finally, the polymer is reheated from 50 to 200°C. The analysis is realized on the second heat-up thermogram. For each test, the temperatures of the various peaks, their widths, and the crystallinity are reported.
Thermogravimetric analysis (TGA) tests are performed on a model Q5000 from TA Instruments on the pellets (about 30 to 40 mg). The runs are performed under a nitrogen atmosphere (flow rate of 25 mL/min) using HT-platinum pans. Each sample was subjected to a temperature ramp from 50 to 850°C at 10°C/min. Trials are only performed on generations 0, 1, 10, 30, and 50 with three repetitions for each one. For each curve, four parameters are evaluated: the final ratio of degraded mass, the temperature and the width of the mass derivative peak, and finally the temperature of initial degradation, corresponding to the onset temperature of the derivative peak.
Mechanical Properties
Tensile tests are carried out using a universal mechanical tester model 5565 (Instron, USA) with a 500 N load cell. The geometry is a type IV dog bone samples (injection molded directly according to ASTM D638). The measurements are carried out at a rate of 10 mm/min. For each sample, at least ten specimens are used. Six parameters are analysed: yield stress (σ y ), yield strain (ε y ), stress at break (σ b ), strain at break (ε b ), tensile energy at break (TEB), and Young's modulus (E).
Flexural tests are conducted on the same universal mechanical tester equipped with a three point bending fixture (span of 60 mm). The crosshead speed is 2 mm/min with rectangular samples (12.40 x 3.05 x 78 mm 3 ) according to ASTM D790. For each generation, at least five specimen are characterized.
All tensile and flexural tests are carried at room temperature.
RESultS AnD DIScuSSIon
Density
Samples densities are measured to check any possible modification in the compaction (packing) of the polymer's chains. As expected, for both pellets and injected samples, no significant change during recycling is observed. In all cases, the density remains constant and similar to the density of the virgin polymer (0.930 g/cm 3 ).
Gel Permeation Chromatography
GPC results are indicative of any changes in the molecular weight distribution due the thermo-mechanical history of the polymer. Figure 2 shows a decrease of high molecular weights with an increase of medium ones, suggesting that chains scission occurs mainly in long chains, but was limited since no significant increase in small chains (low molecular weight) is observed for the range of conditions tested. As seen in Figure 3 and Figure 4 , the weight average molecular weight (M w ) decreases significantly with recycling showing a loss of 24%, while the number average molecular weight (M n ) does not show any trend (almost constant within experimental uncertainty). These results indicate again that chain scission mainly occurs in the longest chains to produce medium chains. As a results, this leads to a reduction of the polydispersity index by about 20% as reported in Figure 5 . Figure 6 shows that the intrinsic viscosity decreases steadily with recycling, thus indicating higher chain mobility and confirming that chain scission occurs during processing. The same trends were observed by Duigou et al. [35] and Oblak et al. [19] . [41] and Oblak et al. [19] . However, all agree that a peak shift towards lower values is due to chains scissions related to mechanical and thermo-oxidative degradation of the polymer during processing. On the other hand, Jin et al. and Shyichuk and White reported a modification of the molecular weight distribution in both shape and width for low density polyethylene (LDPE) and polystyrene (PS), respectively [1, 2, 42] . This modification is attributed to crosslinking and chain scission taking place simultaneously in the polymer. Here, no clear change can be detected in the distribution and both parameters do not seem to be significantly affected by recycling. This can be associated to the different polymer used as HDPE shows a lower tendency to form crosslink and branching than LDPE and PS, thus presenting mainly chain scission without crosslinking. Nevertheless, there is also the effect of different processing parameters used, especially temperature which is much lower here (200°C) than in the work of Jin et al. (240°C), thus producing less thermo-oxidative degradation. This was confirmed by FTIR tests (results not presented) revealing no significant oxidation in the HDPE. The idea that mainly chain scission occurs is also supported by the lack of insoluble fraction in the solutions prepared for the GPC tests. Jin et al. also observed that the fraction of insoluble material increased with increasing recycling cycle number, while no insoluble fraction is found for all the solutions prepared here [1, 2] . This brings more evidences that crosslinking does not significantly occurs during our recycling trials. However, the results have to be taken as relative to the specific polymer, equipment (screw elements design, length, configuration), as well as processing conditions (temperature profile, flow rate, die design, etc.) used.
Melt Flow Index
Between generation 0 and 50, the melt flow index increases with recycling from 0.2 g/10 min to 0.5 g/10 min at 190°C, and from 0.4 g/10 min to 1.0 g/10 min at 230°C. This is consistent with most studies reported in the literature indicating that MFI increases with recycling which represents a viscosity decrease related to chain scission [7, [43] [44] [45] [46] [47] . This also supports the fact that no crosslinking occurs in the polymer since Jin et al. and Oblak et al. indicated that MFI decreases when crosslinking takes place due to the partial formation of a crosslinked structure [1, 2, 19] .
Thermogravimetric Analysis
For these trials, none of the four parameters evaluated appear to be significantly modified by recycling, as they present a maximum variation of 0.4% to 6.8%, which is within experimental uncertainty and thus represents negligible variations.
Differential Scanning Calorimetry
The degree of crystallinity X cr (%) is estimated using equation (1) where ∆H 100 = 293 J/g is the heat of fusion of the 100% crystalline material (HDPE), and ∆H f is the measured enthalpy value [1]:
The DSC curve shows no significant difference in crystallinity nor crystallisation and melting points with recycling. For all 50 cycles, the crystallinity is around 44% and the melting point is almost constant at 126°C, with a peak width (T onset -T end ) of about 50°C. All these parameters present a maximum variation of 4.0% to 7.8%, which is again within the experimental uncertainty, and thus do not represent significant variation. This trend is quite similar to the one observed by Jin et al. [1, 2] . Nevertheless, some studies reported an increase of crystallinity, melting, and crystallisation points with recycling [20, 35, 43, 47] . However, this increase is generally attributed to the presence of crosslinking during processing. Here, no significant crosslinking is observed during recycling and confirms the negligible variation observed.
Tensile Properties
Recycling appears to have an important effect on the tensile properties and Figure 7 presents typical stress-strain curves for selected generations. All the parameters extracted for these curves are affected by reprocessing. However, the properties at break are the most affected. As seen in Figure 8 , stress at break (σ b ) increases by 90% after 25 recycling cycles, reaching 16 MPa, before showing a slight decrease and then a stabilization around 14 MPa for higher generations. However, more cycles would be necessary to determine if the stress at break remains constant or continue decreasing with further recycling. The strain at break (ε b ) is the most affected parameter, with a sharp increase of 500% after 50 cycles, i.e. a final value six times higher than the initial value as reported in Figure 9 . In Figure 10 , yield stress (σ y ) shows a decrease of 29% between the first and the 50 th generation. On the contrary, yield strain (ε y ) does not change significantly as it slightly increases from 10% up to the 25 th generation, before decreasing slowly from 8%, getting very close to its original value (Figure 11 ).
Once again, more generations should be conducted to improve the analysis of these trends. In Figure 12 , the Young's modulus (E) does not show any clear trend, even if a slight decrease of about 5% over the 50 generations can be observed, which is within the experimental uncertainty again. Finally, as seen in Figure  13 , energy at break increases sharply (240%) from 8.3 J for neat HDPE to 28.3 J for the 50 th generation. These variations can be attributed to the weakening of the entanglement network and higher chains mobility associated with chain scission, leading to a loss of rigidity and a gain of elasticity (elongation). Finally, the recycled polymers present a more ductile behavior than the virgin material, but lower global performances with lower strength and rigidity. Most studies on the mechanical properties of recycled polymers reported opposite trends with increasing stress at yield and Young's modulus with decreasing yield strain and break properties with recycling [26, 35, 36, 40, 43] . Generally, these trends can be attributed to crystallinity and possible crosslinking. Nevertheless, the HDPE here does not show any increase of crystallinity nor crosslinking during recycling, but only chains scission. This leads to higher chain mobility and to lower degree of entanglement. In this case, ductility increases while the other properties associated with rigidity decreases.
Flexural Properties
Flexural modulus (E f ) is less influenced by recycling than tensile modulus. However, it slightly decreases with recycling. As seen in Figure 14 , the flexural modulus gradually decreases after 50 generations (12% of the neat HDPE value). This loss of performance is again associated with chain scission in the polymer, leading to fewer entanglement with recycling. This is consistent with the observations made above. In this work, high density polyethylene (HDPE) was processed and recycled multiple times by extrusion to simulate a long-term closed-loop recycling process by direct reprocessing. The polymer was subjected up to 50 extrusion cycles under constant processing conditions. After each cycle, some material was collected and conditioned for various characterizations. Polymer degradation was then characterized in terms of physical, thermal, and mechanical properties.
From the results obtained, several conclusions can be made.
Firstly, recycling did not seem to significantly affect the physical and thermal properties of the material as negligible changes were observed in DSC, TGA or density. On the other hand, chains scissions led to a reduction of the chain length and thus to higher chain mobility. This induced lower weight average molecular mass and melt viscosity, leading to a higher MFI. Finally, a general decrease was observed in mechanical properties, with the exception of tensile properties at break. At the end of the 50 cycles, the stress at break (σ b ) increased by 75% while the strain at break (ε b ) increased accordingly reaching a value six time higher than its initial one. The yield strain decreased by 30% and the energy at break increased by 240%.
All these variations can be attributed to the higher mobility of polymer chains, as well as lower entanglement and lower molecular weight due to chain scission taking place in the polymer during processing. No evidence of crosslinking or branching were found in this work. For some mechanical characterizations (tension and flexion), more trials should be conducted as to reduce dispersion while more generations should be realized to confirm the trends. Moreover, prediction of the polymer degradation during processing is difficult because of the number of parameters involved including: type of polymer, processing conditions, environment characteristics, and thermal properties. The results obtained depend strongly on the selected processing conditions and can be improved by the addition of a stabilizer to avoid chain scission and the lowering of the molecular weight, thus limiting the resulting loss of performances and degradation. This loss can also be limited by using proper conditions including lower residence times and temperatures. Moreover, it is possible to promote some properties at the cost of others. Nevertheless, the results presented and the conclusions drawn upon them have to be taken with care since they are only valid for the processing conditions used as well as for the polymer selected.
